Nesfatin-1 is a bioactive polypeptide expressed both in the brain and peripheral tissues and involved in the control of energy balance by reducing food intake. Central administration of nesfatin-1 significantly increases energy expenditure, as demonstrated by a higher dry heat loss; yet, the mechanisms underlying the thermogenic effect of central nesfatin-1 remain unknown. Therefore, in this study, we sought to investigate whether the increase in energy expenditure induced by nesfatin-1 is mediated by the central melanocortin pathway, which was previously reported to mediate central nesfatin-1´s effects on feeding and numerous other physiological functions. With the application of direct calorimetry, we found that intracerebroventricular nesfatin-1 (25 pmol) treatment increased dry heat loss and that this effect was fully blocked by simultaneous administration of an equimolar dose of the melanocortin 3/4 receptor antagonist, SHU9119. Interestingly, the nesfatin-1-induced increase in dry heat loss was positively correlated with body weight loss. In addition, as assessed with thermal imaging, intracerebroventricular nesfatin-1 (100 pmol) increased interscapular brown adipose tissue (iBAT) as well as tail temperature, suggesting increased heat production in the iBAT and heat dissipation over the tail surface. Finally, nesfatin-1 upregulated pro-opiomelanocortin and melanocortin 3 receptor mRNA expression in the hypothalamus, accompanied by a significant increase in iodothyronine deiodinase 2 and by a nonsignificant increase in uncoupling protein 1 and peroxisome proliferatoractivated receptor gamma coactivator-1 alpha mRNA in the iBAT. Overall, we clearly demonstrate that nesfatin-1 requires the activation of the central melanocortin system to increase iBAT thermogenesis and, in turn, overall energy expenditure.
Introduction
Nesfatin-1 is a cleavage product of nucleobindin 2 (NUCB2), the sequence of which is highly conserved from fish to mammals. Nesfatin-1 was reported for the first time by Oh-I et al. (2006) to possess anorexigenic properties. The effect of nesfatin-1 on feeding behavior was subsequently independently confirmed by other research groups (Maejima et al. 2009 , Stengel et al. 2009a , Yosten & Samson 2010 , Wernecke et al. 2014 . In addition to the ability of nesfatin-1 to suppress food intake, it was shown that intracerebroventricular (i.c.v.) administration of nesfatin-1 increases core body temperature (Könczöl et al. 2012) and dry heat loss (Wernecke et al. 2014 ), thus indicating its major role in the regulation of energy homeostasis. However, the underlying mechanisms are poorly understood.
In the brain, and in agreement with its role in the control of energy balance, NUCB2/nesfatin-1 is highly expressed in several hypothalamic nuclei such as paraventricular (PVN), supraoptic (SON) and arcuate (Arc) nucleus, as well as in the brainstem (Oh-I et al. 2006 , Brailoiu et al. 2007 , Foo et al. 2008 , Goebel et al. 2009 , Goebel-Stengel et al. 2011 . In agreement, site-specific administration of nesfatin-1 into the PVN induces anorexia and sympathetic nerve activity (Tanida et al. 2015) . Notably, endogenous NUCB2/nesfatin-1 levels depend upon the metabolic state. For instance, Nucb2 mRNA and NUCB2/nesfatin-1 protein levels were found to be reduced by fasting, and restored by re-feeding, both centrally in the SON and PVN (Oh-I et al. 2006 , Kohno et al. 2008 , García-Galiano et al. 2010 , as well as peripherally in subcutaneous adipose tissue (Ramanjaneya et al. 2010) and plasma (Stengel et al. 2009b) .
The central NUCB2/nesfatin-1 system was reported to interact with the melanocortin system (Oh-I et al. 2006 , Yosten & Samson 2009 , oxytocin (Maejima et al. 2009 , Yosten & Samson 2010 , Nakata et al. 2016 , corticotropin-releasing factor (CRF) (Stengel et al. 2009a , Yosten & Samson 2014 , Feng et al. 2017 , neuropeptide Y (NPY) (Price et al. 2008 , Inhoff et al. 2010 , Sedbazar et al. 2014 and others (Dore et al. 2016) . Among these, the central melanocortin system appears to be of particular importance. The nesfatin-1-induced suppression of food intake, increase in mean arterial pressure and sympathetic nerve activity are prevented by the co-administration of the melanocortin 3/4 receptor (MC3/4R) antagonist SHU9119, indicating the recruitment of the central melanocortin system by nesfatin-1. Similarly, stimulation of central MC4R suppresses food intake and increases energy expenditure (Fan et al. 1997 , Hwa et al. 2001 by enhancing sympathetic nerve activity, uncoupling protein 1 (Ucp1) mRNA expression and temperature in interscapular brown adipose tissue (iBAT) (Williams et al. 2003 , Fan et al. 2007 , Song et al. 2008 . The hypothalamus was shown to be pivotal in mediating these effects (Song et al. 2008 , Monge-Roffarello et al. 2014b , Zhang & Bi 2015 . In support of this, studies employing retrograde tracers revealed the existence of a direct connection between hypothalamic nuclei and iBAT (Bamshad et al. 1999 , Oldfield et al. 2002 . Of note, the majority of proopiomelanocortin (POMC) neurons originate in the Arc, where POMC and NUCB2/nesfatin-1 are co-localized (Foo et al. 2008) . Furthermore, alpha-melanocytestimulating hormone (aMSH) treatment increases Nucb2 mRNA expression (Oh-I et al. 2006) and calcium influx in NUCB2/nesfatin-1 neurons of the PVN (Sedbazar et al. 2014) . These findings point toward the hypothalamus, as an important relay center for the interaction of NUCB2/nesfatin-1 and the melanocortin system.
In the present study, we sought to further characterize the effects of nesfatin-1 on energy expenditure. We hypothesized that nesfatin-1´s thermogenic effects are mediated by the recruitment of the central melanocortin system. For this purpose, we employed a recently developed direct calorimetry system (Wernecke et al. 2014) to measure dry heat loss upon i.c.v. nesfatin-1 administration with or without concurrent administration of SHU9119. Additionally, we used infrared thermal imaging to measure skin temperature of the iBAT region, ear and tail, for the identification of heat sources and dissipation. Finally, the expression of melanocortin system genes, as well as thermogenesis-related markers, was measured by quantitative real-time PCR in hypothalamus and iBAT, respectively, following i.c.v. nesfatin-1 administration.
Materials and methods

Animals
For in vivo studies, male Wistar rats, weighing 251-275 g at arrival (Charles River, Sulzfeld, Germany), were housed in wire-topped, plastic cages, in a 12-h/12-h light/dark cycle (lights off at 6:00 h) temperature-controlled (21°C) vivarium. Rats had ad libitum access to regular rodents chow (Altromin 1324, Altromin, Lage, Germany) and water, unless otherwise stated. The experimental protocols for animals and their care were in accordance with the German law and were approved by the committee on animal care of the state of Schleswig-Holstein, Germany. In all experiments, the 'Principles of Laboratory Animal Care' (NIH publication no. 85-23, revised 1985 ; http:// grants1.nih.gov/grants/olaw/references/phspol.htm) were followed.
Stereotaxic surgery and microinjection procedures
The surgical procedure was performed as previously described (Dore et al. 2013) . Anesthetized (ketamine 80 mg/kg; xylazine 6 mg/kg) rats underwent unilateral 235:2 implantation of a 24-gauge stainless steel cannula (PlasticsOne, Roanoke, VA, USA) under stereotaxic control (Kopf Instruments, Tujunga, CA, USA) into the lateral ventricle using the following coordinates (from bregma, in mm): AP: −1.0, ML: ±1.5, DV: −2.3 from skull, with the incisor bar set at −3.3 mm below the interaural line, according to Paxinos & Watson (2007) . On the experimental day, the dummy cannula was removed to insert an injector (1.5 mm protrusion) into the guide cannula. i.c.v. injection of substances (5 µL) was performed manually in freely moving animals by a 10 µL Hamilton syringe (CS-Chromatographie Service GmbH, Langerwehe, Germany) over 2 min. One week after surgery, cannula placement was confirmed by a positive dipsogenic response to i.c.v. angiotensin II (24 pmol/5 µL; Sigma-Aldrich). All the animals showed an intake ≥10 mL of water within 15 min.
Pharmacological treatments
Rat nesfatin-1, purchased from Phoenix Europe GmbH (Karlsruhe, Germany), was used in both in vivo and in vitro studies. For in vivo studies, doses were selected based on previous reports (Könczöl et al. 2012 , Wernecke et al. 2014 , Yilmaz et al. 2015 . SHU9119 was purchased from Tocris (Bristol, UK). Both drugs were dissolved in sterile phosphate-buffered saline (PBS) that served as control solution. Nesfatin-1 and SHU9119 were administered (5 µL) as a cocktail in a single injection. The assessment by 12% polyacrylamide gel electrophoresis (PAGE) showed that nesfatin-1 remains intact when applied together with SHU9119 ( Supplementary Fig. 1A , see section on supplementary data given at the end of this article). Drug aliquots were kept at −80°C and freshly prepared on the experimental day.
Direct calorimetry
Direct calorimetry was performed using the setup described previously (Wernecke et al. 2014) . Fasted (24-h) rats were assigned to the experimental groups after matching their body weight (BW) prior to starvation (nesfatin-1 × SHU9119:
F(1,33) = 0.00, n.s.), after starvation (nesfatin-1 × SHU9119: F(1,33) = 0.06, n.s.) and BW loss (nesfatin-1 × SHU9119: F(1,33) = 0.15, n.s.). Immediately after i.c.v. drugs administration (h 09:00), rats were placed into the calorimeters for an 8-h period during which food was not supplied. Experimental room temperature during the experiment was 21 ± 1°C. At the end of the experiment, rats were weighed, returned to the vivarium and left undisturbed for a washout period of 5-7 days, during which they had ad libitum access to food and water.
Infrared thermal imaging
Thermal imaging was performed using a FLIR A-65 infrared thermography camera (infrared resolution 640 × 512 pixels, thermal sensitivity <0.05°C at +30°C). Images of the interscapular region, proximal tail and auditory canal of the ear (ear) were assessed as indices of iBAT heat production, heat dissipation and core body temperature, respectively. Additionally, images of the ocular surface (eye) were taken as supplementary index of core body temperature (Vogel et al. 2016 ) and compared with data from the ear ( Supplementary Fig. 4 ). Both ear and eye temperature are significantly correlated with the rectal temperature (ear/rectal: r = 0.455, P < 0.001; eye/ rectal: r = 0.508, P < 0.0001; Supplementary Fig. 1B and C) .
Fasted (24-h) rats were assigned to the experimental groups after matching their BWs prior to starvation (t(13) = −0.34, n.s.), after starvation (t(13) = 0.20, n.s.), BW loss (t(13) = 0.88, n.s.) and iBAT temperature in basal condition (t(13) = −0.53, n.s.). The interscapular region of the rats was shaved two days before the experiment. The rats were handled extensively and habituated to the experimental procedures for four consecutive days, so that the variation of iBAT temperature was ±1.2% over four pictures taken 30-min apart. Two hours prior to the experiment, rats were moved to the experimental room (temperature 21 ± 1°C) and left undisturbed with ad libitum access to water, but not to food. Rats were gently and quickly removed from their home cages, placed under the camera, and images of iBAT region, ear and tail were taken over a ~30-s period. Immediately after baseline measurements, i.c.v. injections were performed as mentioned before. The animals were then returned to their home cages and left undisturbed until the subsequent measurements. At the end of the experiment, rats were weighed, returned to the vivarium and left undisturbed for a washout period of 5-7 days during which they had ad libitum access to food and water. By using FLIR QuickReport 1.2 software, a set of three images per region of interest (interscapular region, ear, eye, proximal tail) was scored for each animal at each time-point to calculate the respective mean temperature. The maximal mean temperature of each set was then considered for final analysis.
235:2 Tissue collection
Fasted (24-h) rats were assigned to the experimental groups after matching their BWs prior to starvation (t(9) = −0.76, n.s.), after starvation (t(9) = −0.59, n.s.) and BW loss (t(9) = −0.72, n.s.). The animals received an i.c.v. injection of either PBS or nesfatin-1 (100 pmol/rat), and iBAT temperature was monitored for 4 h, after which the rats were killed by decapitation, and brains were quickly removed, immediately deep frozen in dry ice and stored at −80°C. The skin overlaying the interscapular region was incised and a sample of the iBAT was carefully dissected from adjacent tissues. Inguinal WAT (iWAT) was dissected through an incision in the skin along the bottom of the rib cage. Both iBAT and iWAT were further processed as described for the brain. The time-point of the sacrifice was chosen based on the findings from direct calorimetry and thermal imaging assessment.
Dissection of hypothalamus, RNA isolation, cDNA synthesis and qPCR
Dissection of hypothalamus, extraction of total RNA from hypothalamus, iBAT and iWAT, and synthesis of the first-strand cDNA were performed as previously described (Jöhren et al. 2003) . Tissue mRNA levels were determined by qRT-PCR as reported earlier (Schulz et al. 2012) . Oligonucleotide primers were obtained from Invitrogen (Supplementary Table 1 ).
Western blot analysis
Fasted (24-h) rats of a different cohort were assigned to the experimental groups after matching their BWs prior to starvation (t(10) = −0.12, n.s.), after starvation (t(10) = −0.18, n.s.), BW loss (t(10) = 0.12, n.s.) and iBAT temperature in basal condition (t(10) = −0.07, n.s.). The animals were killed 4 h following an i.c.v. injection of either PBS or nesfatin-1 (100 pmol/rat). A sample of the iBAT was dissected as described previously. Western blot analysis was performed as previously described (Hoefig et al. 2016) . Individual UCP1 (rabbit antibody raised against hamster, see (Jastroch et al. 2012) ) protein level values were normalized to those of heat-shock protein 90 (HSP90; antibody #4877S, Cell Signaling Technology) and expressed as percent of PBS group.
Contractile response studies using myography
A wire myograph (520A-DMT, AD Instruments, Dunedin, New Zealand) was used to measure the contractility of vessels as described previously (Warner et al. 2013 ). Short pieces of aorta or tail artery were dissected from male C57BL/6N wild-type mice and mounted into the wire myograph using stainless steel wires (40 µm diameter, DMT). The chamber of the wire myograph was filled with Krebs-Ringer buffer (123 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgCl 2 , 20 mM NaHCO 3 , 2.5 mM CaCl 2 , 5.5 mM glucose) and gassed with carbogen gas to yield pH 7.4 at 37°C. Vessels were allowed to recover for 1 h. With the application of increasing tension forces and recording the corresponding contraction, the optimal tension was determined. Vessels were pre-stimulated with either 10 nM nesfatin-1 or PBS for 3 min. To perform a dose-response curve, increasing doses of phenylephrine (Sigma-Aldrich) (10 -8 to 10 -2 M) were added in 2-min intervals into the chamber. The induced force was detected and normalized by the previously recorded KCl stimulation force using Labchart software 8.1.
Statistical analysis
The effect of drugs on dry heat loss over 8-h period was analyzed using three-way repeated measure analysis of variance (ANOVAs) with nesfatin-1 and SHU9119 as between-subjects factors and time as within-subject factor. Single time-point measurements were analyzed using a two-way ANOVA with nesfatin-1 and SHU9119 as between-subjects factors. Pairwise post hoc comparisons were made using Newman-Keuls. The effect of nesfatin-1 on iBAT, ear and tail temperature was analyzed using two-way ANOVA with nesfatin-1 as between-subjects factor and time as within-subject factor. Single time-point measurements were analyzed using Student's t-test. Levels of mRNA and protein expression were also analyzed using Student's t-test. Correlation between two variables was performed using Spearman's rank correlation coefficient. Dose-response curves were generated using least-square fit and tested for differences between the two data sets using Student's t-test. Significance was set at P < 0.05. All data are expressed as mean ± standard deviation (s.d.). The software packages used were Excel, SigmaPlot 11.0, GraphPad 6.0 and Statistica 7.0.
Results
The MC3/4 receptor antagonist SHU9119 blocks nesfatin-1-induced increase in thermogenesis
As shown in Fig. 1, i .c.v. administration of nesfatin-1 (25 pmol/rat) significantly affected dry heat loss, as reflected 235:2 by a significant effect of nesfatin-1 (F(1,33) = 6.30, P < 0.05). Post hoc comparisons revealed that nesfatin-1 increased dry heat loss after 3 h (P < 0.01; +18%), 4 h (P < 0.001; +24%), 5 h (P < 0.01; +24%), 6 h (P < 0.05; +17%) and 7 h (P < 0.01; +16%) compared with PBS-treated group. An equimolar dose of the MC3/4R antagonist SHU9119 (25 pmol/rat), which had no effect on dry heat loss per se, was able to fully block the thermogenic effect induced by nesfatin-1, as demonstrated by a significant interaction nesfatin-1 × SHU9119 (F(1,33) = 6.30, P < 0.05). Post hoc comparisons revealed that SHU9119, administered in combination with nesfatin-1, decreased dry heat loss after 3 h (P < 0.01; −17%), 4 h (P < 0.001; −20%), 5 h (P < 0.01; −19%), 6 h (P < 0.05; −15%) and 7 h (P < 0.05; −15%) compared with nesfatin-1-treated group.
On average (hour 2-8), i.c.v. administration of nesfatin-1 significantly increased dry heat loss (P < 0.01; +16% vs PBS), an effect that was abolished by the co-administration of an equimolar dose of SHU9119 (P < 0.01; −16% vs nesfatin-1) ( Supplementary Fig. 2 ).
Nesfatin-1-induced increase in dry heat loss correlates with body weight loss
Although central nesfatin-1 administration did not significantly affect BW loss over the 8-h period of direct calorimetry session (nesfatin-1: F(1,33) = 1.91, n.s.; SHU9119 × nesfatin-1: F(1,33) = 1.33, n.s.; Fig. 2A ), the analysis revealed significant correlation between dry heat loss and BW loss in the nesfatin-1-treated group (r = 0.879, P < 0.001) but not in the other treatment groups (PBS: r = 0.142, n.s.; SHU9119 + nesfatin-1: r = 0.500, n.s.; SHU9119: r = −0.059, n.s.) (Fig. 2B) .
Nesfatin-1 increases iBAT, ear and tail temperature I.c.v. administration of a higher dose of nesfatin-1 (100 pmol/rat) caused a significant increase in iBAT temperature, as demonstrated by significant effects of nesfatin-1 (F(1,13) = 15.70, P < 0.01), time (F(7,91) = 9.00, P < 0.001) and nesfatin-1 × time (F(7,91) = 3.80, P < 0.01; Fig. 3A and B) . Nesfatin-1-treated group displayed a higher iBAT temperature at 2 h (t(13) = −2.48, P < 0.05; +1.4%), 3 h (t(13) = −3.73, P < 0.01; +2.0%), 4 h (t(13) = −3.30, P < 0.01; +2.2%), 5 h (t(13) = −3.37, P < 0.01; +2.9%), 6 h (t(13) = −4.84, P < 0.001; +2.7%) and 7 h (t(13) = −3.20, P < 0.01; +2.6%) than PBS-treated group. On average (hour 1-8), i.c.v. administration of nesfatin-1 significantly increased iBAT temperature (t(13) = −3.96, P < 0.01; +1.6% vs PBS; Fig. 3A inset) .
Nesfatin-1 also induced an increase in ear temperature, as revealed by significant effects of nesfatin-1 (F(1,13) = 4.90, P < 0.05), time (F(7,91) = 11.30, P < 0.001) and nesfatin-1 × time (F(7,91) = 2.10, P < 0.05; Fig. 3C and D) . The nesfatin-1-treated group exhibited a higher ear temperature at 3 h (t(13) = −2.07, P = 0.06; +1.1%), 4 h (t(13) = −2.09, P = 0.06; +1.4%), 5 h (t(13) = −2.33, P < 0.05; +2.5%), 6 h (t(13) = −2.50, P < 0.05; +1.7%) and 7 h (t(13) = −2.02, P = 0.06; +1.7%) than PBS-treated group. On average (hour 1-8), i.c.v. administration of nesfatin-1 significantly increased ear temperature (t(13) = −2.21, P < 0.05; +1.0% vs PBS; Fig. 3C inset) .
I.c.v. administration of nesfatin-1 also resulted in an increase in tail temperature, as revealed by a significant effect of nesfatin-1 (F(1,13) = 4.92, P < 0.05) and time (F(7,91) = 8.43, P < 0.001), whereas interaction between nesfatin-1 × time was approaching significance (F(7,91) = 2.06, P = 0.06; Fig. 3E and F) . Nesfatin-1-treated group showed a higher tail temperature at 1 h (t(13) = −2.37, P < 0.05; +4.2%), 4 h (t(13) = −2.06, P = 0.06; +2.1%), 5 h (t(13) = −2.00, P = 0.07; +3.1%) and 8 h (t(13) = −2.58, P < 0.05; +3.9%) than PBS-treated group. On average (hour 1-8), i.c.v. administration of nesfatin-1 significantly increased tail temperature (t(13) = −2.22, P < 0.05; +1.6% vs PBS; Fig. 3E inset) . Effect of i.c.v. administration of nesfatin-1 (25 pmol/rat) and MC3/4R antagonist (25 pmol/rat) on dry heat loss measured through direct calorimetry. 24-h fasted rats (9-10/group) were placed in the calorimeters immediately after drug administration (5 µL/2 min) and tested for 8-h during the light phase. Data represent mean ± s.d. # P ≤ 0.1 vs PBS group; *P < 0.05, **P < 0.01, ***P < 0.001 vs PBS group; § P < 0.05, § § P < 0.01, § § § P < 0.001 vs nesfatin-1 group (Newman-Keuls test).
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To test whether nesfatin-1 could also cause elevated tail temperature by direct actions on the vascular system, a wire myography setup was used to test the response to phenylephrine of isolated aorta and tail artery in the presence or absence of nesfatin-1. There was no significant effect on basal or maximal contraction, nor on EC50 (aorta: 2.22 × 10 −5 vs 1.62 × 10 −5 ; t(8) = 0.29, n.s.; tail artery: 5.04 × 10 −6 vs 9.76 × 10 −6 ; t(10) = 0.68, n.s.; PBS vs nesfatin-1, respectively) ( Fig. 4A and B) .
Nesfatin-1-induced increase in iBAT temperature correlates with ear and tail temperatures
The analysis revealed a significant positive correlation between iBAT and ear temperature in both PBS-(r = 0.498, P < 0.0001) and nesfatin-1-treated groups (r = 0.465, P < 0.001; Supplementary Fig. 3A) . Temperature of the iBAT region was also found to positively correlate with tail temperature in nesfatin-1-(r = 0.514, P < 0.0001), but not in PBS-treated rats (r = 0.016, n.s.; Supplementary Fig. 3B ).
Ear temperature also correlated with tail temperature following i.c.v. administration of nesfatin-1 (r = 0.436, P < 0.001), but not after administration of PBS (r = −0.045, n.s.; Supplementary Fig. 3C ).
Nesfatin-1 increases Pomc and Mc receptor mRNA expression in the hypothalamus
Immediately before sacrifice and four hours following drug administration, the nesfatin-1-treated group (100 pmol/rat) showed a significantly higher iBAT temperature than the control group (t(9) = −3.22, P = 0.01; +2.2%). In addition, the nesfatin-1-treated group showed a significant increase in iBAT temperature (t(5) = 2.84, P < 0.05; +2.8%) with respect to pretreatment iBAT temperature, whereas the PBS-treated group did not (t(4) = −1.29, n.s.; −0.8%) (Supplementary Fig. 5A ).
I.c.v. administration of nesfatin-1 significantly increased Pomc (t(9) = −2.37, P < 0.05; +47%) and Mc3r (t(9) = −2.37, P < 0.05; +113%) mRNA expression in the 
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hypothalamus, as shown in Fig. 5A . A nonsignificant increase in hypothalamic Mc4r mRNA expression could be also observed (t(9) = −1.62, P = 0.14; +53%). Drug treatment had no effect on the mRNA expression of agouti-related protein (Agrp) (t(9) = −1.38, n.s.; +36%) (Fig. 5A ).
Nesfatin-1 affects the mRNA expression of thermogenesis-related genes in the iBAT and iWAT
In the iBAT, i.c.v. administration of nesfatin-1 (100 pmol/rat) significantly increased the mRNA expression of iodothyronine deiodinase 2 (Dio2) (t(9) = −2.99, P < 0.05; +370%) and tended to increase that of Ucp1 (t(9) = −1.73, P = 0.11; +74%) and peroxisome proliferator-activated receptor gamma coactivator-1 alpha (Pgc1a) (t(9) = −1.76, P = 0.11; +121%), as shown in Fig. 5B . Drug treatment had no effect on peroxisomal proliferatoractivated receptor gamma (Pparg (t(9) = −0.17, n.s.; +4%), cell death-inducing DNA fragmentation factor (Cidea) (t(9) = −1.09, n.s.; +58%), beta3-adrenoceptor (Ar3b) (t(9) = 0.46, n.s.; +4%), adipose triglyceride lipase (Atgl) (t(9) = 0.29, n.s.; −4%) and hormone-sensitive lipase (Hsl) (t(9) = 1.31, n.s.; −15%) mRNA expression (Fig. 5B) . Interestingly, the analysis revealed a positive correlation between Ucp1 mRNA levels and ∆-iBAT temperature (hour 0-4) that is approaching significance following nesfatin-1 administration (r = 0.771, P = 0.072), but not after PBS administration (r = −0.600, n.s.) ( Supplementary Fig. 5B ).
Figure 3
Effects of i.c.v. administration of nesfatin-1 (100 pmol/rat) on iBAT (A), ear (C) and tail (E) temperature measured through thermal imaging. Following drug administration (5 µL/2 min), 24-h fasted rats (7-8/group) were gently and quickly removed from their home cages, placed under the camera, and pictures of iBAT region, ear and tail were taken every hour. Insets depict average temperature (1-8 h). Illustrative pictures of a single experimental animal before and 6 h following i.c.v. nesfatin-1 administration (B, D and F) . Data represent mean ± s.d. # P≤0.1 vs PBS group; *P < 0.05, **P < 0.01, ***P < 0.001 vs PBS group (Student's t-test).
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In the iWAT, i.c.v. administration of nesfatin-1 (100 pmol/rat) also significantly increased the mRNA expression of Dio2 (t(9) = −2.35, P < 0.05; +126%), as shown in Fig. 5D . Drug treatment had no effect on Pparg (t(9) = −1.36, n.s.; +106%), Pgc1a (t(9) = −1.02, n.s.; +75%), Cidea (t(9) = −0.58, n.s.; +19%), Ar3b (t(9) = 1.30, n.s.; −36%), Atgl (t(9) = −1.30, n.s.; +56%) and Hsl (t(9) = −1.35, n.s.; +80%) mRNA expression. The Ucp1 mRNA levels were undetectable (Fig. 5D ).
Nesfatin-1 does not affect UCP1 protein levels in the iBAT
In the iBAT, i.c.v. administration of nesfatin-1 (100 pmol/rat) did not affect the protein levels of UCP1 (t(10) = 0.41, n.s.; −12%) (Fig. 5C ).
Discussion
The present study clearly shows that the robust increase in dry heat loss induced by i.c.v. nesfatin-1 requires the activation of central MC3/4Rs. These findings are strengthened by thermal imaging data showing that i.c.v. nesfatin-1 increases iBAT and tail temperature.
In direct calorimetry, rats treated with nesfatin-1 showed a significantly higher dry heat loss compared to vehicle-treated animals for up to 8 h, with a maximum effect at 4 and 5 h (+24%), thus confirming our previous observation (Wernecke et al. 2014) . Könczöl et al. (2012) , with the use of a telemetric system, showed that i.c.v. nesfatin-1 (25 pmol/rat) increases core body temperature. Together with other reports indicating the role of nesfatin-1 in BW homeostasis (Oh-I et al. 2006 ) and feeding behavior (for review, see Dore et al. 2016) , this clearly confirms that the NUCB2/nesfatin-1 system plays an important role in the maintenance of energy balance. Whether the thermogenic action of nesfatin-1 persists for a longer time, and whether it is preserved in genetic and/or diet-induced animal models of obesity, remains to be addressed.
Importantly, we show for the first time that co-administration of the MC3/4R antagonist SHU9119 fully blocks nesfatin-1ʹs thermogenic effect in the direct calorimetry experiment, indicating that nesfatin-1 increases energy expenditure via the activation of central melanocortin receptors. In addition, central administration of nesfatin-1 elicited an average rise in iBAT (+1.6%) and ear temperature (+1.0%), indicating increased iBAT thermogenesis and core body temperature, respectively. NUCB2/nesfatin-1 is localized in sympathetic and parasympathetic preganglionic neurons, as well as in the nucleus ambiguus and Edinger-Westphal nucleus (Foo et al. 2008 , Goebel et al. 2009 , Goebel-Stengel et al. 2011 and appears to be involved in the regulation of a number of autonomic functions. Thus, it is likely that the increases in dry heat loss and iBAT temperature by nesfatin-1 are mediated by an activation of the sympathetic nerves innervating the iBAT. Moreover, in agreement with its distribution, i.c.v. or PVN-specific nesfatin-1 administration was also shown to increase plasma catecholamines (Yilmaz et al. 2015) and sympathetic nerve activity (Tanida et al. 2015) , respectively.
The central melanocortin system plays a major role in the regulation of energy homeostasis, not only by affecting feeding behavior but also energy expenditure (Ellacott & Cone 2006 , Jeong et al. 2014 . In the regulation of these functions, both MC3R and MC4R were shown to be involved (Butler & Cone 2003) . Pharmacological studies employing the MC3/4R antagonist SHU9119 showed that NUCB2/nesfatin-1 closely interacts with the central melanocortin system to reduce food intake (Oh-I et al. 2006 , Yosten & Samson 2009 ) and gastrointestinal functions (Li et al. 2013 , Wang et al. 2014 , Xu et al. 2015 , Figure 4 Effects of nesfatin-1 (10 nM) on the vasocontractile response of isolated mouse aorta (A) or tail artery (B) to increasing doses of phenylephrine (PE) compared to controls as assessed by wire myography. The resulting tension forces were normalized to an initial response to high KCl. Data represent mean ± s.d. Gao et al. 2017) , as well as to increase mean arterial pressure (Yosten & Samson 2009 , Tanida & Mori 2011 , Yilmaz et al. 2015 and sympathetic nerve activity (Tanida & Mori 2011) . Therefore, nesfatin-1 is likely to recruit the central melanocortin system in order to increase sympathetic nerve activity, iBAT thermogenesis and energy expenditure. Taken together, previous and present findings point toward NUCB2/nesfatin-1 as an upstream regulator of the central melanocortin system and thus identify a novel mechanism in the regulation of energy balance.
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Several studies suggested the existence of a reciprocal connection between the NUCB2/nesfatin-1 and melanocortin systems. NUCB2/nesfatin-1 and POMC were co-localized in the Arc (~60-80%) (Foo et al. 2008) ; moreover, a functional interaction between these two neuropeptides was previously observed within the hypothalamus, specifically in the Arc (Li et al. 2013) and in the ventromedial nucleus of the hypothalamus (VMH) (Gao et al. 2017 ). Our findings demonstrate that i.c.v. nesfatin-1 increases the expression of Pomc mRNA as well as Mc3 and Mc4 receptors (albeit the latter non significantly) in the hypothalamus and suggest an interaction between NUCB2/nesfatin-1 and melanocortin systems within this brain area. The hypothalamic melanocortin system plays an important role in regulating autonomic functions and adaptive thermogenesis (Girardet & Butler 2014) .
For instance, i.c.v. SHU9119 administration was shown to abolish the leptin-induced glucose uptake in peripheral tissues, such as skeletal muscles, heart and BAT (Toda et al. 2009 ). Moreover, VMH or PVN administration of the synthetic MC3/4R agonist melanotan II (MTII) also increases glucose uptake in BAT (Toda et al. 2009 ), iBAT temperature (Song et al. 2008) and energy expenditure (Gavini et al. 2016) . These data, together with our thermogenesis-related and molecular findings, strongly suggest that the interaction between NUCB2/nesfatin-1 and melanocortin system at the level of the hypothalamus accounts for the increase in iBAT temperature and energy expenditure. However, POMC-expressing neurons of the hypothalamus do not only project within this region, but also to other brain regions such as amygdala, nucleus accumbens and NTS (Millington 2007 ). As SHU9119 was administered i.c.v., the participation of other brain areas expressing MC3/4R in mediating nesfatin-1´s thermogenic effect cannot be excluded. The nesfatin-1-induced increase in iBAT thermogenesis (as reflected by increased iBAT temperature) is accompanied by a nonsignificant increase in Pgc1a and Ucp1 mRNA expression, two highly relevant markers of iBAT thermogenesis. However, at this specific time-point (4 h following drug administration), this effect on Ucp1 mRNA expression is not reflected on the protein level, suggesting that nesfatin-1 increases thermogenesis Figure 5 Effects of i.c.v. administration of nesfatin-1 (100 pmol/rat) on mRNA expression in the whole hypothalamus (A), iBAT (B) and iWAT (D) and on UCP1 protein expression in the iBAT (C). 24-h fasted rats (5-6/group) were killed during the light phase 4 h after drug administration (5 µL/2 min), during which iBAT temperature was recorded through thermal imaging. Individual mRNA expression values were normalized to those of Beta-actin and expressed as percent of PBS group. For protein expression, individual values were normalized to those of HSP90 and expressed as percent of PBS group. Data represent mean ± s.d. # P ≤ 0.1 vs PBS group; *P < 0.05 vs PBS group (Student's t-test).
by enhancing UCP1 activity rather than synthesis. Nevertheless, UCP1 protein levels could be affected at a different time-point. Of note, a recent study showed that subchronic central nesfatin-1 treatment resulted in increased UCP1 protein levels (Yuan et al. 2017) .
I.c.v. nesfatin-1 administration also resulted in a significant increase in the mRNA expression of the cAMP-responsive gene Dio2 in iBAT and iWAT, strongly indicating the activation of the beta-adrenergic receptor/ cAMP signaling pathway. This finding, along with the data on Ucp1 and Pgc1a mRNA expression, is in agreement with the established role of nesfatin-1 in sympathetic nerve activity (Tanida & Mori 2011 , Tanida et al. 2015 , and with the increases in dry heat loss and iBAT temperature observed in the present study. In fact, as a trend, the latter is positively correlated with Ucp1 mRNA levels. These nesfatin-1-induced effects are likely to be mediated by recruiting the central melanocortin system as ventricle, medial preoptic nucleus or PVN MTII administration was shown to increase both Ucp1 and Pgc1a mRNA levels in the iBAT, along with an increase in temperature, and uptake of 3H-deoxy-glucose and 14C-bromo-palmitate in the iBAT (Song et al. 2008 , Toda et al. 2009 , Monge-Roffarello et al. 2014a . Furthermore, central administration of MTII augments Hsl mRNA expression, indicating increased lipolytic activity (MongeRoffarello et al. 2014a) . However, in the present study, i.c.v. nesfatin-1 had no effect on Atgl and Hsl mRNA levels in neither iBAT nor iWAT, suggesting that it does not acutely promote fat utilization. However, the latter can be induced by peripheral nesfatin-1 administration, as it was inferred from a decrease in the respiratory quotient in indirect calorimetry (Mortazavi et al. 2015) . Compatible with these findings, nesfatin-1 treatment promotes Atgl as well as Ucp1 and Pgc1a mRNA expression in brown adipocytes in vitro (Wang et al. 2016) , thus implying that nesfatin-1 can also act peripherally to control lipid utilization and iBAT thermogenesis. Interestingly, it was also reported in the same study that nesfatin-1 is produced by brown adipocytes, suggesting autocrine regulation (Wang et al. 2016) . However, to what extent locally produced or circulating nesfatin-1 contributes to iBAT thermogenesis remains to be investigated.
Prolonged sympathetic stimulation of WAT can induce the development of UCP1-positive BAT-like cells, a process often described as 'browning'. In the present study, the mRNA expression of 'browning'-related genes (Ucp1, Pparg, Pgc1a, Ar3b) remained unchanged upon nesfatin-1 administration. This outcome is not unexpected, since our animals were acutely treated and sacrificed already 4 h following administration (Nedergaard & Cannon 2014) . Whether nesfatin-1 plays a role in 'browning' remains to be investigated in chronic application studies.
Noteworthy, not only heat production was induced, but we also observed an increase in tail surface temperature after administering i.c.v. nesfatin-1, indicating increased tail vessel vasodilation and heat dissipation. This effect likely constitutes a counter-regulatory mechanism in response to the rise in heat production (Warner & Mittag 2014) . This hypothesis is supported by the positive correlation between both iBAT and ear temperature with tail temperature in animals treated with nesfatin-1 but not PBS. This finding is of particular interest and underpins the magnitude of the increase in thermogenesis, which is creating a demand to dissipate heat through tail vessel vasodilation, even though on the level of the whole organism, i.c.v. nesfatin-1 rather enhances sympathetic nerve activity (Tanida & Mori 2011 , Tanida et al. 2015 and release of catecholamines (Yilmaz et al. 2015) . Our observation, that both ear and rectal temperature (reflecting core body temperature) are increased upon nesfatin-1 treatment, suggests that heat dissipation over the tail surface is not sufficient to keep core body temperature constant in the condition of increased iBAT activity. This finding is also supported by Könczöl et al. (2012) , who has reported an increase in core body temperature after central nervous nesfatin-1 administration using a biotelemetry system (Minimitters). While a spill-over of nesfatin-1 from the cerebral spinal fluid into the blood cannot be ruled out, a local action of nesfatin-1 to relax vascular smooth muscle is highly unlikely since nesfatin-1, on the level of the blood vessel, rather precludes vasodilation. In fact, in vitro nesfatin-1 application prevented the sodium nitroprusside-induced relaxation of smooth muscle in mesenteric artery, whereas it did not affect noradrenaline and 5-hydroxytryptamineinduced contractions (Yamawaki et al. 2012) . These observations are confirmed by results of the present study, as the same concentration of nesfatin-1 (10 nM) had no effect per se and on phenylephrine-induced contraction in both aorta and tail artery.
In summary, we provide evidence that i.c.v. nesfatin-1 activates the central melanocortin system to increase dry heat loss. The increase in both iBAT and tail temperature are appear to importantly contribute to this effect. We propose that the activation of the sympathetic nervous system is the underlying mechanism connecting central NUCB2/nesfatin-1 and the melanocortin system with iBAT thermogenesis.
Overall, our findings provide novel insights into the role of NUCB2/nesfatin-1 as an upstream regulator of the melanocortin system in the control of energy homeostasis
